Abstract-This paper presents the performances of a surface-mounted permanent-magnet synchronous machine (SM-PMSM) from the electromagnetic and structural analysis point of view, which are evaluated numerically and through tests. The goal is to evaluate the possibility to use this SM-PMSM for the propulsion of a light-electric vehicle (L-EV), knowing that on one hand it has the best power density and, on the other hand, a torque wave with high ripples induces vibration and noise. This paper discusses the limits and the advantages for such a propulsion solution in order to evaluate its suitability for the L-EV applications.
the vehicle [5] - [17] and that we avoid investment increasing by keeping the same chassis/gear of the L-EV.
The L-EV bought from the market is actually a four-wheel electric scooter, with the rear wheels used for the traction. Even if it has two traction wheels, the propulsion is assured via only one motor and a gear (with the ratio 1/19); see Fig. 1 .
The scooter is equipped with a dc motor of 1.2 kW, running at a rated speed of 3400 r/min, supplied from a 24-Vdc (60 Ah) battery-more technical details are given in Table I .
The achievements of this study are with respect to the motorization, where a new surface-mounted permanent-magnet synchronous machine (SM-PMSM) is proposed. An SM-PMSM has the best power density, but the quasi-rectangular shape of the air-gap flux density induces torque ripples, which are the source of noise and vibration (NV). The goal of the work is to improve the weak points of our proposed SM-PMSM, without affecting its efficiency, and, second, to evaluate the NV level to see if it is in accordance with the application demands. The study consists in: the evaluation/validation of the electromagnetic performances (in terms of induced electromotive force (emf) and torque) of the SM-PMSM, through finite-element analysis (FEA) and experimental tests. Also, based on structural analysis, we will evaluate/validate, through FEA and tests, the natural frequencies of the SM-PMSM. Based on FEA and tests, the NV behavior is also evaluated/validated. Finally, a more deep acoustic analysis is presented, during motor's operation, in order to conclude whether our solution is suited for L-EV.
II. NUMERICAL ANALYSIS OF THE SM-PMSM

A. Electromagnetic Behavior of the Studied SM-PMSM
The finite-element method (FEM)-with Flux2D softwarewas used for the electromagnetic analysis of the SM-PMSM. The obtained results are shown in Figs. 2-4. In Fig. 2 , one can observe the machine's topology (with 6 poles, surface-mounted PMs, and 18 slots on the stator) as well as the flux-density distribution within the active parts of the machine. The iron of the machine is not highly saturated. While running at rated speed, in generator operation and load, the SM-PMSM develops a high-level air-gap flux density, due to the good quality of the magnets (of Nd-Fe-B material); its shape is rectangular, as it can be seen from Fig. 3 (top) , where the harmonic content is also plotted. The effect of such air-gap flux density is reflected in the induced emf shape, which is also rectangular, Fig. 3 (middle), with rather higher third harmonic, of about 16% of the fundamental.
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. Such an emf will induce ripples on the machine's characteristics, meaning that the axis torque will be affected in a decisive manner; see Fig. 3 (bottom) . The 7th and the 13th harmonic of the torque wave are not negligible (due to slotting effect), and the torque ripple is almost 29%, while the mean value of the torque is 3.42 Nm. Even if the machine produces the required torque, we cannot be satisfied with such high ripples, which will induce vibrations, noise, and torque instability. These drawbacks need to be counteracted.
One solution for reducing the torque ripples is to use appropriate vector control technique [18] , or to incline the armature (or the rotor core). The second solution will be considered, even if we know that it will slightly decrease the mean torque, since the winding factor is no longer equal to "1."
Thus, the stator armature was skewed with one slot pitch (20 • ) and we have analyzed again the electromagnetic behavior of the SM-PMSM. The flux-density distribution within the active parts of the machine is shown in Fig. 4 , where the incline skewing effect of the armature is visible.
The flux density in the air gap and its harmonic content, for the analyzed skewed topology, are shown in Fig. 5 (top) . Practically, we have a similar air-gap flux density and harmonic content as in the original design. If we look at the emf, see Fig. 5 (middle), we can see that the skewing effect is producing quasi-sinusoidal wave form, with very low harmonic content: the second harmonic is found, with a level of about 2.2% of the fundamental. The effect of such a sinusoidal emf is visible on the torque axis characteristic, Fig. 5 (bottom) : the torque ripple is 3.9% and even if the mean torque is slightly reduced (as we specified before, because of the winding factor decrease), we can still get the desired value of 3.37 Nm.
Moreover, the iron loss of the SM-PMSM was evaluated, again by means of numerical analysis. By supplying the machine with a sinusoidal current, at rated value [50.3 A, see Table II .
These are the main results from the FEM analysis with respect to the electromagnetic performances of the proposed SM-PMSM. Next, we will discuss the structural analysis results, based on FEM also.
B. Structural Behavior of the Studied SM-PMSM
The vibro-acoustic behavior of an electrical machine is the direct response of the excitation of its structure by the electromagnetic force developed under operation. Usually, the concern is the stator core and its vibration is mainly induced by the electromagnetic force acting on its inner surface [19] . The radial component of the force is in general approximately an order of magnitude higher than the tangential component; therefore, the contribution of the last one could be neglected.
Two important parameters for the vibro-acoustic behavior analysis are natural frequencies and mode shapes. The natural frequencies and mode shapes of a structure can be computed using either analytical or FEA-based methods/tools. Once the radial magnetic force is determined, its frequencies and orders are to be compared to the natural frequencies and vibrational modes of the stator core. Any frequency of the radial magnetic force that is close to one of the natural frequencies of the stator, for the same force order as vibrational modes, can produce dangerous vibration and higher noise.
Therefore, for the structural analysis of the given PMSM, we will employ: a modal analysis, for determining the natural frequencies and mode shapes, considering a cylindrical shell stator core, with no constraints; computation of the stator core displacement for frequencies close to the natural ones.
The modal analysis is used to determine the vibration characteristics/parameters, namely natural (resonant) frequencies and mode shapes of the stator core. The natural frequency corresponding to the mth circumferential vibrational mode of the armature can be calculated considering the stator as a cylindrical shell of infinite length with
where D c is the stator's mean diameter, E c is the lamination's elasticity modulus, ρ c is the mass density, and ν c is the Poisson ratio [16] . According to [19] , Ω m = 1 for circumferential mode m = 0, and for m ≥ 1
with geometrical coefficient κ depending on the width of the stator yoke h c
The JMAG software was applied in this analysis. Using the structural module of JMAG-Studio, a modal analysis for the SM-PMSM was performed. The circumferential modes m = 2, 3, 4, and 5 for the stator core obtained from the 2-D FEA using JMAG-Studio structural module are presented in Fig. 7 . The natural frequencies, obtained from analytical calculations and JMAG-Studio structural module, are compared in Table III . From this table, it can be concluded that, except the third mode, a good analytical-numerical agreement was found. These results will be experimentally evaluated.
III. EXPERIMENTAL RESULTS OF THE SM-PMSM
A. Measurements for Validating the Electromagnetic Study
In order to validate the FEM-based analysis, several experimental measurements have been performed, while the prototype of the SM-PMSM was working in generator or motor operation.
The six rotor poles have surface-mounted magnets (of NdFe-B material) and a special bandage keeps them attached to the rotor; see Fig. 8(a) . The winding is of polar pitch type. In Fig. 8(a) , one can see the six rotor poles, while the stator is skewed with one slot pitch. M530 steel was used for the machine's iron. The obtained emf has the expected value and should be compared with the emf from the skewed computation [see Fig. 5 (middle) ]. A very good agreement has been found while the rotor was running at 3400 r/min. Moreover, a speed profile was considered [see Fig. 8(c) ] in order to test the motor's capability to reach the desired output characteristics (i.e., the desired torque)-this could be obtained, of course, with the imposed rated current, this time injected into the three phases of the machine via an inverter, having 12-kHz switching frequency. Here, the imposed current is no longer purely sinusoidal, having specific ripples, due to current regulation, as shown in Fig. 8(d) . This switched current has a direct influence on the output torque, which cannot be as smooth as the simulated one. Nevertheless, the measured torque wave is closed to the one obtained with the skewed rotor [ Fig. 5 (bottom) ]. The switching-frequency effect is expected to be seen in the vibro-acoustic behavior evaluated through tests.
We should recall that the dc motor installed on the scooter (Fig. 1) is equipped with PMs on the excitation circuit (stator side)-we do not have information on the magnet materialand its weight is 6.7 kg. Our proposed machine is 600 g lighter. Moreover, we should add that the passive elements were not optimized from the weight perspective. Also, it is widely recognized that the dc motor has poor efficiency, due to the sliding contact. Thus, one can conclude that the proposed SM-PMSM offers better overall results.
B. Measurements for Validating the Structural Analysis Study
Working at natural resonance frequencies can irreversibly damage the machine's physical structure. It is therefore important to know these resonance frequencies already in the design phase of the electrical machine. In order to investigate this alarming situation, an experimental modal analysis was performed in the 4-kHz frequency range. The measurements were processed and a modal analysis was employed by using the LMS Test.Lab software. Fig. 9 shows the laboratory setup. Sixteen unidirectional accelerometers were mounted in different points on the stator. Elastic cords were used to approach free-free condition of the stator frame.
The Polymax modal parameter estimation method is used to identify stable system poles [20] . In general, with the Polymax method, poles tend to stabilize very well compared to other methods. Frequency response functions (FRFs) were obtained by applying an impulse to the stator frame (with the impact hammer) and measuring its response through the mounted accelerometers. A parametric modal model is then fitted to the data, first by obtaining the global system poles (system eigenvalues) and in a second step by identifying the corresponding mode shapes (system eigenvectors) which correspond to the characteristic vibration patterns.
A correct model order choice and a right interpretation of the obtained system poles are one of the first steps to obtain the right mode shapes. Models of increasing order are used. Poles identified at nearly identical values within close bounds for consecutive model orders are classified as stable system poles. The Polymax stabilization diagram for this particular case is given in Fig. 10 . Vibration patterns or mode shapes were obtained from the complete set of FRFs using a maximal model order of 40.
The symbols used in Fig. 10 mean as follows. 1) "s" there is a stable pole, consistent in all criteria for consecutive model orders; if multiple "s" appear, we can conclude that we have a resonant frequency. 2) "v" there is pole with consistent values for increasing order for several but not all criteria (frequency and mode shape but not damping); typically, for higher orders, the pole becomes an "s." 3) "o" there is an identified pole, but it is not stable for consecutive orders, and we cannot conclude yet to have a resonant frequency; typically, the "o" poles evolve to "v" and "s" for higher orders. When this does not happen, it could be that the pole was a mathematical artifact of the identification process or that nonlinear system characteristics hinder the estimation of a linear model or that the underling resonances were poorly excited. Additional test may then be required.
Thus, it is certain that for 3.2 kHz, and quite sure that for 1.6 and 4 kHz, we have resonant frequencies. By means of other validation, we should validate the 700-Hz, 2-kHz, and 3-kHz frequency values. It is obvious that the supplementary added mass and parts (windings, housing, etc.) are influencing the measured results, which cannot be entirely compared with the ones obtained from the analytical/numerical approach. Nevertheless, we can conclude that the modes m = 2 and m = 3 were experimentally validated. The higher modes should be validated by an operational analysis, capable to evaluate the probe's behavior above 4 kHz (which is the limit of the impact hammer).
As a typical quality indicator of the modal analysis results, the measured FRFs are compared to the synthesized FRFs; see Fig. 11 . When investigating the mode shapes in more detail, one can observe that several neighboring frequencies produce similar mode shapes, which may be due to the coupling of the core with the other components. For a final interpretation of the vibro-acoustic behavior, stationary and specific run-up will be employed through tests.
For the operational structural analysis, the rotor is inserted and turned up to the rated speed, while the motor is suspended by elastic cords-the run-up test is also made in free-free conditions. The waterfall representation from Fig. 12 is obtained from this run-up test. In Fig. 12 (top) are indicated the resonant frequencies obtained from the numerical approach, from Table III . A very good agreement was found with our operational structural approach if we look at the green-vertical lines. Very small differences can be seen for m = 2, m = 3, and m = 5, while for the m = 4, we have a bigger shift, caused by the added supplementary mass (windings, housing, etc.), which was not considered in simulation-the added mass involves supplementary resonances, shown in Fig. 12 (bottom) .
Regarding the sound level shown in Fig. 12 , for a run-up between 0 and 3400 r/min, a maximum noise of 60 dB was found, which is acceptable in EV industry and we can conclude that our machine perfectly fits the application's demands.
The previous experimental results were obtained on a suspended probe (while in reality, the front part of the motor will be connected to the gear, to transfer the output power), and with a customized inverter, operating at 20 kHz. Thus, in the following paragraphs, more results will be given, while observing the influence of the variation in the switching frequency on the NV behavior of the SM-PMSM.
C. Vibro-Acoustic Behavior of the Studied SM-PMSM for Stationary and a Specific Run-Up
For the operational vibro-acoustic tests, the whole driveline needs to be taken into account. Here, the test bench consists of the motor and the drive, in no-load condition. The motor itself is clamped on one side. To perform a preliminary vibroacoustic evaluation, four accelerometers on the stator shell, four microphones in the near field, and a rotor position sensor are instrumented-see Fig. 13 . For the sake of conciseness, the results herein are limited to one microphone signal and one vibration signal. Two operational conditions are considered: stationary and a run-up. 1) lower frequency harmonics, which are due to the working principle and the configuration of the PMSM; 2) off-zero frequency harmonics, which are introduced by the pulsewidth modulation working principle of the sixpulse variable speed drive (VSD). The switches inside the VSD generate a pulsed voltage for each of the three phases instead of pure sine sweep to the machine. This action results in nonsinusoidal distribution of the radial forces in the air gap which results in extra vibrations and acoustic noise. Moreover, a spectrogram with dB-levels in function of the rotational speed can give more insight (see Fig. 15) ; here, the natural frequencies are characterized by vertical frequency bands and speed-dependent harmonics. In Fig. 15 , the results obtained from accelerometers and microphones are presented for two different supplying frequencies: 8 and 12 kHz. From natural frequencies point of view, the accelerometer and the microphone should present similar results.
By looking at the results plotted on top of Fig. 15 (for both, accelerometer and microphone), where the results of 8-kHz supply are presented, the m = 2, m = 3, and m = 5 are easily identified. The m = 4 is not so obvious, since it is superposed by the supplying frequency. Moreover, one can see a strong signature for 16-kHz frequency. This is because of the superposition of the double of the supplying frequency with the structural natural frequency observed also in Fig. 12 .
For the case of 12-kHz supply (the results shown at the bottom of Fig. 15) , the m = 2, m = 3 modes can be easily identified. The m = 5 mode is superposed by the supplying frequency, but the m = 4 is not so obvious here. On the other hand, the motor-bench physical connection involves other natural frequencies: 680 Hz, 3.1 kHz, 9.5 kHz, and 16.2 kHz (seen also in Fig. 12) . Thus, by looking at the results plotted in Fig. 15 , one can say that a very good agreement was found, between the numerical and experimental results.
To conclude, three vibro-acoustic features exist: tonal components related to the motor, harmonics introduced by the drive, and structural resonances of the full body. Tonal components related to the motor itself start at the origin (0 Hz) and change with the applied rotational speed. Harmonics introduced by the drive are situated around the switching frequency of the VSD. A resonance or a natural frequency is independent of the rotational speed. If a tonal component intersects with a resonance, an amplifying of the NV levels occurs. Thus, it is important to mention that not only the A-weighted noise levels are important for the human sound perception but also the sound character (sharpness, tonality, roughness, etc.). Sound quality metrics, Fig. 16 , are used to give an objective evaluation of the sound character [21] .
The common human ear detects acceptable sound level between 30 dB (whisper) and 60 dB (regular talk). Based on the summarized results presented in Figs. 14-16, it is clear that the noise level of the SM-PMSM is reduced, and not annoying from human perspective.
IV. CONCLUSION
This paper has characterized an SM-PMSM for an L-EV, actually a scooter bought from the market (initially equipped with a dc motor). Preliminary multiphysical research was done on a self-developed SM-PMSM; an FEA was performed to evaluate its performances. It was found that the proposed SM-PMSM is 600 g lighter than the dc motor found on the bought scooter and it is generally recognized to have better efficiency since the PMSM has no sliding contact. After the development of the first prototype, different NV measurements and techniques were carried out on the motor and its control. A detailed vibro-acoustic assessment was done with the aim to achieve a proper understanding of the noise generation and propagation mechanisms in the SM-PMSM. A harmonic signature analysis, a modal analysis, and suitable sound metrics were described. Extra off-zero harmonics were introduced through the VSD of the electric motor. They have a considerable influence on the sound metrics. Finally, a relationship between the current profiles, mechanical vibrations, and acoustics exists.
Future work will be done to correlate the measured sound radiation and vibrations with optimized simulations in the same constraints and conditions as the real setup.
